International dairy sire evaluations have traditionally been calculated using a two-step process. Lactation records within each country are used to predict national estimated breeding values, then these national breeding values are transformed to the genetic base, scale, and units of measurement of other countries by using conversion formulae or the multiple-trait, across-country evaluation method. A major limitation of this approach is the need to define environments (traits) according to country borders. Herds located in small, neighboring countries may be much more similar in management, climate, and genetic background than herds located far apart within a single large country. In the present study, international genetic evaluation with herd clusters is proposed. Data consisted of 4.6 million lactation records from 46,000 herds in Austria, Belgium, Czech Republic, Denmark, Estonia, Finland, Israel, Switzerland, and five regions of the US (Midwest, Northeast, Northwest, Southeast, and Southwest). Herds were grouped into clusters based on data of 13 descriptive variables: herd size, calving interval, milking frequency, age at first calving, milk yield, month of calving, predicted transmitting ability of sire for milk, percentage North American genes of sire, latitude, altitude, temperature, rainfall, and percentage of arable land used for pasture. Five clusters were formed; each cluster contained herds from 5 to 11 countries or regions. Genetic correlations between herd clusters ranged from 0.81 to 0.97. The herd cluster model is intuitively appealing, because genetic merit of an animal is predicted for each unique environment or management system, regardless of country borders. This model is parsimonious (the number of traits was reduced from 13 to 5) and is computationally feasible for large data sets.
INTRODUCTION
Genetic evaluations of dairy sires have traditionally been calculated by national organizations operating within country borders. Therefore, direct comparison of sire EBV between countries is not possible, because of differences in the genetic base, scale, and units of measurement for each country. For many years, regression-based conversion equations have been used to transform EBV from an exporting country to the base, scale, and units of an importing country. Conversion equations can be developed for each pair of countries by using data from foreign bulls with imported semen (3, 11) or sets of full sibs with progeny in both countries (6) . More recently, the multiple-trait, across-country evaluation (MACE) procedure (9) has become the method of choice for international dairy sire comparisons. The MACE procedure (9) simultaneously combines sire EBV from all participating countries, and performance in each country is considered as a separate trait in a multiple-trait analysis. An independent international organization, the International Bull Evaluation Service (INTERBULL), has provided international sire evaluations using the MACE methodology for nearly 5 yr (2) .
Incorporation of international EBV information via conversion equations (and more recently, MACE) has increased the efficiency of sire selection (7) . However, the incremental gain in accuracy that has been achieved by replacing conversion equations with MACE EBV has been small (10) . Significant improvements in the future will likely require development of new methodology rather than refinement of procedures for reanalyzing national sire EBV. International evaluation directly using daughter lactation records has been suggested (5), but progress in this area has been slow. Application of a single-trait sire or animal model across countries would preclude the possibility of genotype by environment interaction. On the other hand, a multiple-trait model would be computationally challenging if the number of countries were large. In addition, inadequate genetic ties between countries may lead to erroneous covariance estimates, and this problem could negate any advantages one might otherwise achieve by using lactation records. Rekaya et al. (8) recently proposed a method for using management, climate, and genetic information to increase the precision of genetic parameter estimates in a structural model for covariances. The logical progression is to next consider the possibility of "borderless" genetic evaluations (5), in which traits or environments are not based on country boundaries but instead are based on existing knowledge regarding the management, climate, and genetic composition of each herd.
The objectives of the present study were twofold. First, to develop a flexible model for international dairy sire evaluation based on clustering herds across country borders according to information about the climate, management, and genetic composition of each herd. Second, to demonstrate the intuitive appeal and computational feasibility of this model by applying it to a large international data set containing lactation records generated under a wide variety of environmental conditions.
MATERIALS AND METHODS

Data
Data included first lactation records of Holstein-sired cows in Austria, Belgium, Czech Republic, Denmark, Estonia, Finland, Israel, Switzerland, and five geographical regions of the US. The five regions of the US and the corresponding states from which data were selected were as follows: Northeast = Pennsylvania; Midwest = Michigan; Northwest = Oregon and Washington; Southeast = Florida and Georgia, and Southwest = Arizona and New Mexico. Data were included for cows with first calving in 1979 to 1998 for Switzerland, 1982 
Herd Clustering
Herds from the 13 countries or regions were grouped into clusters (groups) prior to genetic evaluation; these clusters were formed without regard to country borders. Thirteen descriptive variables were used to cluster the herds; these variables represented quantitative measures of the management, climate, and genetic composition of each herd. Six variables related to herd manageJournal of Dairy Science Vol. 83, No. 4, 2000 ment were considered: cows per herd = number of cows born from 1990 to 1995 (after data editing); calving interval = mean interval between first and second calving, for cows that survived to second lactation (an indicator of average lactation length); milking frequency = mean number of milkings per day; age at calving = mean age of cows at first calving; lactation milk yield = mean first lactation yield, adjusted for age, days in milk, and milking frequency; and month of calving = mean month of first calving (an indicator of seasonal production). Two variables related to genetic composition of the cow population were used: sire PTA milk = weighted mean PTA milk on the US scale from the February 1999 INTERBULL evaluation for sires of cows in the herd, and sire percentage of North American genes = weighted mean percentage of genes tracing back to the North American Holstein population for sires of cows in the herd. Five variables related to climate and land use were considered, and these variables were identical for all herds from a given country or region: latitude = mean latitude of major cities in the country or region, altitude = mean altitude of major cities in the country or region, July temperature = mean daily temperature for the month of July in major cities in the country or region, July rainfall = mean rainfall total for the month of July in major cities in the country or region, and land used as pasture = ratio of land used as permanent pasture relative to total arable land in the country or region.
Many of the 13 descriptive herd variables were highly correlated (e.g., latitude and July temperature). Therefore, the descriptive variables were standardized to zero mean and unit variance and then transformed into principal components (4) . The principal component analysis resulted in nine components with eigenvalues ≥0.50, and these components were retained for the subsequent cluster analysis.
Cluster analysis was performed using the nearest centroid sorting method (1). This method is iterative and creates clusters by minimizing the sum of squared distances from the cluster means. For each herd, the standardized descriptive herd variables were combined into nine principal components using the weights (eigenvectors) calculated in the principal component analysis. The cluster analysis was then based on values of the nine principal components for each herd. Clusters that contained fewer than 300 herds were deleted, and at convergence, five clusters remained.
Genetic Parameter Estimation
The genetic covariance matrix for milk yield in the five clusters was estimated using a Bayesian implementation of a multiple-trait sire model (with relationships) via Gibbs sampling. A single, long chain of 100,000 samples was employed, and the first 20,000 samples were discarded as a burn-in period. Weakly informative normal prior distributions were assumed for systematic effects and breeding values, and bounded uniform prior distributions were assumed for covariance components.
The following model was used for variance component estimation, and all factors were nested within cluster.
where: y ijklmno = first lactation milk yield, herd-year i = interaction of herd and year of calving, season j = season of calving (3-mo seasons were used), age k = age of cow at calving, frequency l = number of times milked per day, β = regression coefficient, DIM m = days in milk, sire n = sire of cow, and error ijklmno = random error. Only data from sires with ≥4 progeny were used in variance component estimation. After this edit was applied, data from 3,043,432 daughters of 38,619 sires remained for analysis.
RESULTS AND DISCUSSION
A summary of the data used in the present study is shown in Table 1 . Although data were requested from more than 20 countries, data from some countries were not readily available due to commercial concerns or time constraints. In future studies, it would be desirable to obtain data from additional countries that have a high genetic level (e.g., France or Netherlands) and additional countries that differ widely in herd management practices (e.g., Australia or New Zealand).
In Table 2 , means of the 13 descriptive herd variables are shown for each country or region. The number of first lactation cows calving from 1990 to 1995 (after editing) spanned a wide range, from 17 in Finland and 21 in Austria to 1910 in the Southwest US. Actual preediting herd size would have been preferable, but some countries removed cows that were not AI-sired before sending the data. Calving interval was shortest in Finland and Denmark (cool climates) and longest in the Southeast US (an extremely hot and humid climate). Most countries or regions had a mean calving interval of 13.0 to 13.3 mo. Nearly all herds were milked twice daily, except those in Israel and the five regions of the US. Age at calving was youngest for Israel and Finland and oldest for Austria and Estonia. First lactation milk yield ranged from approximately 4000 kg in Estonia and Czech Republic to roughly 9000 kg in Israel and the Northwest US. Mean month of calving was very similar for most herds; the range across countries or regions was from early June to mid-July. This variable would have been much more useful if data had been available for countries such as Australia, Ireland, or New Zealand, where management intensive grazing is popular. The last five variables (latitude, altitude, July temperature, July rainfall, and land used as pasture) were fixed for all herds in a given country or region. July was chosen as the reference month for mean daily temperature and monthly rainfall (an indicator of humidity), because this month was expected to provide the most limiting environment. It is likely that some variation exists within each country or region regarding variables such as altitude, temperature, and rainfall, so use of a single value for each country or region must be considered as an approximation. In addition, the values shown in Table 2 were from meteorological data for major cities, and these cities may be located far from the major dairy production areas. Finally, the proportion of arable land used for pasture provided only a rough estimate of the importance of grazing versus confinement management in each country or region. Table 3 shows the eigenvalues of the correlation matrix for descriptive herd variables. Some variables, such as latitude and daily temperature, were highly correlated, and principal component analysis was used to develop unique contrasts of these variables (see Table  4 ). Nine eigenvalues were larger than the preselected minimum of 0.50, and these eigenvalues explained more than 93% of the variation in the descriptive herd variables. Table 4 shows the eigenvectors (weights) for the standardized descriptive herd variables corresponding to each principal component. Although interpretation of these weights can be difficult, it is possible to get an approximate assessment of the important variables in each component. For example, the first component is largely composed of variables related to genetics and climate, whereas the third component is more highly influenced by herd management practices. The weights shown in Table 4 were used to calculate values of the nine principal components for each herd. Subsequently, a cluster analysis based on values of these nine principal components resulted in five herd clusters, each containing data from 700 to 26,000 herds. Table 5 shows means of the descriptive herd variables for each of the five clusters, and Table 6 shows the number of herds from each country or region in each cluster. Cluster 1 consisted primarily of medium-sized herds in the Midwest, Northeast, and Southeast US that were milked twice daily, had a high genetic level, and had relatively high summer temperature and rainfall. Cluster 2 contained mainly large herds from Israel and several of the US regions; these herds were characterized by early age at first calving, high milk yield and sire PTA milk, high temperature, and three times daily milking. Cluster 3 was primarily made up of small herds in Austria, Czech Republic, Estonia, and Switzerland; these herds typically had late age at first calving, low milk yield, low sire PTA milk, high pasture usage, and a very favorable climate. Cluster 4 largely consisted of herds in Israel and the Northwest and Southwest US; these herds had twice daily milking, high milk yield and PTA milk, and were subject to high daily temperatures with little rainfall. Cluster 5 consisted primarily of small herds in Belgium, Denmark and Finland; these herds had twice daily milking, a short calving interval, intermediate production, and a favorable climate.
Genetic parameters for milk production in the five herd clusters are shown in Table 7 . Heritability of milk yield ranged from 0.28 to 0.39. Unexpectedly, estimated heritability was highest in the cluster with lowest lactation milk yield and sire PTA milk (albeit a favorable climate), which, perhaps was due to a greater proportion of crossbred animals in this cluster. Genetic correlations between Clusters 1, 2, and 4 were extremely high (0.96 to 0.97). These clusters consisted primarily Table 4 . Eigenvectors (weights for standardized descriptive variables) corresponding to the nine principal components that were retained. Descriptive  herd variable  1  2  3  4  5  6 of herds from the US and Israel with high milk production and a high genetic level. These clusters also shared numerous genetic ties (because of many US herds in each cluster). Correlations between these regions and Regions 3 and 5, which contained mainly herds from Europe, ranged from 0.81 to 0.89. Finally, the estimated genetic correlation between Clusters 3 and 5 was 0.89. As shown by the 95% highest posterior density regions for the estimated genetic parameters, precision of these estimates depended not only on the number of observations in each cluster but also on the level of genetic ties between clusters.
Principal component
CONCLUSIONS
A multiple-trait herd cluster model is proposed for international genetic evaluation of dairy sires. Information regarding management, climate, and genetic composition of each herd is used to form herd clusters, regardless of country borders, and each of these clusters borders. Other topics for future research include adjustment for heterogenous variance, consideration of differences in breed composition (i.e., using genetic groups or a heterosis adjustment), and application of an animal model. Lack of parsimony, i.e., too many genetic parameters to estimate, is a major problem in current international dairy sire evaluations. By using the herd cluster model, the number of traits (unique production environments) was reduced from 13 to 5, and the number of necessary genetic covariance parameters was reduced from 91 to 15. Precision of estimated genetic parameters depended more heavily on the level of genetic ties between clusters than on the number of observations per cluster. For example, the estimated genetic correlation between one pair of clusters that contained more than 1 million cows still had a 95% highest posterior density interval of 0.76 to 0.91. Although the problem of genetic ties between traits or environments may be reduced in the herd cluster model, a lack of genetic ties between herds still exists within a cluster. This problem will only be Table 7 . Heritabilities (on diagonal) and genetic correlations (above diagonal) for milk yield between clusters (95% highest posterior density interval in parentheses). solved by continued diffusion of proven sire and young sire semen across countries and environments. The multiple-trait herd cluster model presented herein is more intuitively appealing than a multipletrait model based on country boundaries. Clearly, herds located in small, neighboring countries such as Belgium and The Netherlands or Austria and Switzerland share many more similarities in management, climate, and genetic composition than herds located in the extremes of a large country such as the US (e.g., herds in Florida, Oregon, and Vermont). With the herd cluster model, herds are grouped based on likeness rather than location. This model may lead to greater reliability and credibility of international genetic evaluations, because young bulls tested in a certain climate and management system will have their performance estimated precisely for other herds with similar conditions and less precisely for herds with different characteristics. Under the herd cluster model, different sire EBV may be appropriate for different herds within a country (i.e., no single national ranking list), and techniques for distrib-uting genetic evaluation results will require modification. Perhaps this process could be facilitated by the use of internet applications, customized selection indices, or computerized mating programs. Finally, the present study has shown that the multiple-trait herd cluster model is computationally feasible for a large number of herds and countries.
